Lyme disease caused by the spirochete Borrelia burgdorferi represents an important problem in veterinary medicine due to the wide-spread infection of dogs, cats, and horses in areas where the organism is endemic (3, 30). While most cases of equine B. burgdorferi infection remain asymptomatic, some horses show signs of illness, including sporadic lameness, weight loss, arthritis, and encephalitis (16). Unlike humans, where the first sign of B. burgdorferi infection is erythema migrans skin lesions, the diagnosis of Lyme disease in horses is complex, and diagnostic testing is only one parameter for confirmation (16).
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A variety of serological tests, including immunofluorescence assays (IFA), Western blotting, and enzyme-linked immunosorbent assays (ELISAs), have been employed to detect human antibodies to B. burgdorferi (29) . Considerable progress has been made in employing defined antigenic targets, such as the C6 peptide (1, 20, 27) and other recombinant B. burgdorferi antigens, including BBK07 (18, 19) and decorin binding proteins (Dbp) DbpA and DbpB (21, 22, 24, 28, 31, 32) . Although extensive testing of different antigens and assay formats has been performed for human Lyme disease (29) , less is known about the optimal serological diagnosis of equine B. burgdorferi infection. Recently, the C6 SNAP test has been used for the serological diagnosis of equine Lyme disease (23, 26) . Unfortunately, Chang and colleagues found that the C6 SNAP test detected only 63% of known, experimentally B. burgdorferiinfected horses, suggesting that this test is suboptimal for the diagnosis of equine infection (26) . In light of the poor sensitivity of the currently available C6 SNAP test, a better understanding of humoral responses in B. burgdorferi-infected horses is needed.
Luciferase immunoprecipitation systems (LIPS) comprise a relatively new approach for the serological testing of antibodies associated with many different pathogens (5) . LIPS is based on employing light-emitting Renilla luciferase-fusion proteins in a liquid-phase immunoprecipitation assay. Serologic testing by LIPS for a variety of human pathogens provides the full exploitation of antibody profiles because of its robustness, multiplex capacity, and high sensitivity and specificity (6, 11, 12, 14, 15) . Recently, a LIPS test employing a synthetic VOVO antigen consisting of two variants of immunodominant epitopes of the C6 peptide and OspC achieved 98% sensitivity and 100% specificity for the diagnosis of human Lyme disease, but the findings were not statistically different from those of the C6 ELISA (10) . LIPS antibody profiling of recombinant DbpA and DbpB also was highly informative (10) . In this study, LIPS tests for VOVO, DbpA, and DbpB antigens were used for measuring B. burgdorferi antibodies in horses, and the results were compared to IFA results for the diagnosis of equine B. burgdorferi infection.
MATERIALS AND METHODS
Serum samples. Serum samples (n ϭ 159) from Maryland horses suspected of having Lyme infection were collected from the Animal Health Laboratory, Mary-land Department of Agriculture, Frederick, MD. These Maryland horse samples were previously tested by IFA and scored seropositive if immunoreactivity was detected at a serum dilution of greater than or equal to 1/128. From IFA testing of the 159 equine serum samples from Maryland, 57 were seronegative and 102 were seropositive. As potentially uninfected controls for LIPS testing, six different samples from pools of horse serum from New Zealand (Invitrogen), a region known not to be endemic for Lyme disease (4), were used. Additionally, seven human controls without B. burgdorferi infection, collected under Institutional Review Board-approved protocols at the NIH, also were evaluated.
LIPS analysis. Extracts from three previously described antigens, VOVO, DbpA, and DbpB, that were highly informative for the diagnosis of human Lyme disease (10) were prepared and used to assess equine B. burgdorferi infection. For each antigen, serum samples were tested in duplicate using the standard liquidphase LIPS assay (8) . Briefly, 40 l of buffer A (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl 2 , 1% Triton X-100), 10 l of diluted horse or human sera (1 l equivalent), and 1 ϫ 10 7 light units (LU) of Ruc-antigen Cos1 cell extract were added (final volume of 100 l) to each well of a polypropylene plate and incubated for 60 min at room temperature on a rotary shaker. The 100-l antigen-antibody reaction mixture was transferred to a 96-well filter plate containing 5 l of a 30% suspension of protein A/G beads and further incubated at room temperature with shaking. After 60 min, a filter plate containing the retained protein A/G beads/antibody-antigen complex was washed using a BioMek robotic workstation with a vacuum manifold (8) . The LU of the filter plates were measured in a Berthold LB 960 Centro microplate luminometer (Berthold Technologies, Bad Wilbad, Germany) using coelenterazine substrate mix (Promega, Madison, WI). All data represent raw antibody titers without subtracting the buffer blanks.
Statistical analysis. Statistical analysis was performed with GraphPad Prism software (San Diego, CA). Statistical significance was determined using MannWhitney U tests. Due to the wide dynamic range of the LIPS data, the results for quantitative antibody levels are reported as the geometric mean titers (GMT) Ϯ 95% confidence intervals (CI). Although LIPS offers highly quantitative data that can be used to generate diagnostically useful serodeterminations without predetermined cutoff values (5, 7, 9) , cutoff values for each of the three antigens were generated based on the uninfected New Zealand horse serum samples. A datadriven analytical approach using high-tailed intensity distribution was used to assign cutoff values for the VOVO, DbpA, and DbpB LIPS tests. For the initial evaluation of seropositivity, a standard cutoff value of 18,000 LU, which was greater than the means plus 20 standard deviations (SD) of the control New Zealand horse and known uninfected human samples, was used.
The heat map shown in Fig. 3 represents color-coded antibody titers with a palette ranging from red to green indicating high and low titers, respectively. For this heat map, the means and standard deviations from the 14 horse serum samples that were negative for both IFA and the three LIPS antigens (VOVO, DbpA, and DbpB) were used as a reference scale. Antibody titers for each antigen-antibody measurement greater than those of the negative horse sample means plus 3 SD were color coded to signify the relative numbers of SD above this value.
RESULTS
Comparison of the VOVO LIPS test to IFA using horse serum samples. To test the effectiveness of the VOVO LIPS test and compare it to IFA for the diagnosis of equine B. burgdorferi infection, 159 horse serum samples suspected of Lyme disease were evaluated along with control serum samples. The testing of the VOVO antigen with the coded horse serum samples showed highly reproducible antibody titers ranging from 1,320 to 1,135,000 LU (Fig. 1) . In contrast, the anti-VOVO antibody titer of the six horse serum samples from New Zealand, a region in which B. burgdorferi infection is not endemic, were extremely low, with a GMT of 2,295 LU (95% CI, 1,720 to 3,063 LU) (Fig. 1) , which was similar to the GMT of 1,042 LU in the uninfected human controls (Fig. 1 ). Based on a defined high cutoff value for the VOVO antigen corresponding to 18,000 LU, 72% (114/159) of the horse samples were seropositive (Fig. 1) . The GMT in the VOVO-positive samples was 135,700 LU (95% CI, 109,300 to 168,400 LU) and was markedly higher than the GMT of the VOVO-negative samples of 3,928 LU (95% CI, 3,323 to 4,642 LU). Following the decoding of sample identities, the diagnostic results from VOVO were compared to IFA results. These analyses revealed that 51% (81/159) of the suspected horse samples were positive in both assays, 13% (21/159) were VOVO Ϫ /IFA ϩ , 21% (33/ 159) were VOVO ϩ /IFA Ϫ , and 15% (24/159) were negative in both assays (Fig. 1) . No statistical difference in anti-VOVO antibody titers was found between the VOVO ϩ /IFA ϩ and VOVO ϩ /IFA Ϫ samples (P Ͼ 0.54 by Mann-Whitney U test). Overall, 66% of the Maryland horse serum samples yielded the same serological status between the VOVO test and IFA, with 34% of the serum samples being discrepant. These findings highlight the marked differences in detecting anti-B. burgdorferi antibody responses between the VOVO test and IFA for the diagnosis of horse infection.
LIPS detection of anti-DbpA and anti-DbpB antibodies in horse serum. To further understand humoral responses to B. burgdorferi in these horse samples and potentially reconcile diagnostic differences between the VOVO test and IFA, two additional antigens, DbpA and DbpB, were tested by LIPS. Similarly to the anti-VOVO antibody titers, anti-DbpA and anti-DbpB antibody titers ranged from 2,000 to more than 2,000,000 LU (Fig. 2) . In the control horse serum samples from New Zealand, the anti-DbpA antibodies were near the buffer baseline with a GMT of 4,249 LU (95% CI, 3,571 to 5,055 LU), which was similar to that of human uninfected control samples ( Fig. 2A and data not shown) . Based on a defined cutoff of 18,000 LU, the diagnostic potentials of the anti-DbpA antibody titers were further analyzed in the four VOVO/IFA sub- (Fig. 3) . Each row represents an LIPS profile of a single Maryland horse serum sample alongside the corresponding IFA status. For this heat map, the 14 negative Maryland horse samples devoid of anti-VOVO, anti-DbpA, and anti-DbpB antibodies and also negative by IFA formed the basis for data transformation. The antibody titer values for each antigenantibody measurement were color coded to signify the relative number of standard deviations above the means plus 3 SD as a cutoff value for the 14 negative samples. The analysis of the heat map revealed several interesting findings. An extraordinary range of antibody titers (i.e., from less than 3 to 2,000 SD above the cutoff for the 14 negative samples) was seen against these three B. burgdorferi antigens in the different horse serum samples (Fig. 3) . Due to the high standard cutoff used for initial screening, several lowly positive horse samples previously negative for anti-VOVO and anti-Dbp antibodies now showed statistically elevated responses. The analysis of the LIPS antigen immunoreactive profile of each sample demonstrated that 49% (78/159) of the samples were seropositive with all three antigens, 28% (44/159) were seropositive with two antigens, and 6% (9/159) were seropositive with only one antigen. Interestingly, 33 of the horse samples that were seropositive by LIPS, all reacting with at least two LIPS antigens, failed to show seropositivity by IFA testing. Additionally, four samples seropositive by IFA testing failed to show seropositivity with any of the three LIPS antigens and may represent false positives or samples missed by the B. burgdorferi LIPS tests. These results highlight the heterogeneity and spectrum of antibody responses seen in horses against these defined B. burgdorferi antigens using these different antigens and assay formats.
DISCUSSION
This study demonstrates that LIPS shows promising results for the robust detection of equine humoral responses against B. burgdorferi antigens. In contrast to Western blot-based diagnostic testing, LIPS has the advantages of generating highly quantitative and robust antibody data against multiple, defined targets in a highthroughput capacity (6, 10) . Our approach of profiling three different B. burgdorferi antigens provides novel insight into equine Lyme disease. Several different lines of evidence support the findings that 94% (145/159) of the suspected horse serum samples have humoral responses to B. burgdorferi. First, the anti-B. burgdorferi antibodies detected by LIPS assay in the suspected horse samples were substantially higher than those of the control horse serum from New Zealand. These New Zealand horse serum samples also showed baseline responses similar to those of uninfected human samples. Second, the LIPS immunoreactivity observed against multiple B. burgdorferi antigens adds confidence that a horse serum sample is truly positive. Our finding that 77% of equine samples are positive for at least two LIPS antigens supports the high likelihood that many of these horse serum samples have antibodies against B. burgdorferi due to current and/or past infection. Lastly, our results suggest that the IFA did not detect some B. burgdorferi-infected samples. While 100 of the 102 IFApositive horse samples also were positive by LIPS, an additional 25 horse samples not positive by IFA were positive by LIPS.
A previous study using the SNAP C6 test with experimental FIG. 3 . Heat map analysis of antibody profiles in the horse cohort. Antibody titers to VOVO, DbpA, and DbpB are shown for each of the 159 horse serum samples. Titer values greater than the means from the 14 negative samples (14 neg) plus 3 SD were color coded from green to dark purple to signify the relative number of SD above the reference values. Each row represents one serum sample tested with the three different LIPS antigens. The samples were ranked from highest to lowest based on anti-VOVO antibody titers. The serological status by IFA is denoted for each sample tested. (25) . Future LIPS studies examining experimental B. burgdorferi infection in horses and correlating antibody titers detected with equine disease symptoms would be worthwhile.
One of the major findings of our study was that there was marked heterogeneity in equine antibody responses to the B. burgdorferi antigens. While there was limited overlap (49.6%) between IFA and LIPS testing with three different antigens, each individual test detected a significant number of samples missed by any other single test. The analysis of test sensitivity revealed that the IFA had the lowest sensitivity of 64%, followed by DbpA with 71%, VOVO with 72%, and DbpB with 84%. In several other studies, antibodies to Dbp proteins were found to be very useful for late Lyme disease but not for early disease (17, 24) . It is appropriate to point out that DbpA and DbpB, both of which are expressed by B. burgdorferi during the mammalian phase of infection, including human infection (2), share only 39% identity. Consistently with their limited homology, anti-DbpA and anti-DbpB antibody titers in the seropositive horse samples poorly correlated with each other. In contrast to our previous studies of humans (10) , profiling anti-Dbp antibodies in horses appeared to markedly improve sensitivity compared to that of only examining anti-VOVO antibodies. The reason for this discrepancy may relate to horse immune differences as well as the likelihood that many of the horse serum samples represent late Lyme infection. Although not explored here, an antigen mixture of different B. burgdorferi strains by LIPS also might be useful for diagnostic screening (6, 13, 14) . For example, based on the comparably low background signals of VOVO, DbpA, and DbpB, these antigens could be employed as a mixture, thereby simplifying data collection and analysis. Further large-scale epidemiological studies of humans are needed to examine in detail whether the detection of anti-Dbp antibodies improves the sensitivity of detecting human Lyme diseases beyond just evaluating anti-VOVO antibodies.
